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EFFECT OF NONLIFTING EMPENNAGE SURFACES ON
SINGLE-ENGINE AFTERBODY/NOZZLE DRAG AT
MACH NUMBERS FROM 0.5 TO 2.2

Bobby L. Berrier
Langley Research Center

SUMMARY

An investigation has been conducted to determine the effect of empennage
interference on the drag characteristics of a model with a single-engine-fighter
aft end with convergent-divergent nozzles. Two nozzle power settings, dry and
maximum afterburning, were investigated. A high-pressure air system was used
to provide jet total pressure ratios up to 20.0. In an attempt to quantify and
reduce adverse empennage interference and decrease aft-end drag, several empen-
nage arrangements (variable tail surface location), "contour" bump configura-
tions, and locally contoured afterbodies were investigated.

The results of the investigation indicate that empennage interference
effects can be significant at transonic and supersonic speeds. The most effec-
tive means of reducing adverse empennage interference was found to be the proper
relocation of individual tail surfaces. The aft or conventional empennage
arrangement produced the highest aft-end drag at all conditions investigated.

At subsonic speeds, staggered empennage arrangements appear to produce the low-
est adverse interference effects. At supersonic speeds, the forward empennage
arrangement produced the least adverse interference effects.

INTRODUCTION

Past experimental investigations (refs. 1 to 3) on current, high-
performance fighter aircraft have shown that sizable airplane performance
penalties are associated with the installation of the propulsion system into
the airframe. These penalties can be associated with both the inlet and nozzle
installation. The afterbody/nozzle drag problem has been addressed by several
large government and private industry experimental programs (refs. 4 to 12).
These experimental programs have shown that afterbody/nozzle installation drag
penalties, for both single-engine and multiengine configurations, can result
from interference effects orginating from base areas, horizontal and vertical
tails, ventral fins, tail actuator housings, and structural booms to support
empennage surfaces. Additional complexity exists for multiengine configurations
as a result of mutual interference effects and the additional boattail or base
area between the engines. These penalties can be especially acute during the
cruise portion of the airplane mission when the nozzle is in a dry power (closed
down) mode. Most of the referenced experimental programs, especially those
which examined empennage variables, concentrated on twin-engine ccnfigurations.



Adverse interference effects originating from empennage surfaces have been
found to be a major contributor to the afterbody/nozzle drag problem (refs. 3,
4, 7, and 13). However, in past aircraft designs, the major consideration for
tail location has probably been stability and control considerations rather than
configuration drag. These considerations tend to force the tail location to the
most aft position in order to obtain maximum tail volume for a given tail area.
For conventional fighter aircraft, this generally places the empennage surfaces
close to nozzle boattail surfaces.

Because of the possible large effect of empennage surfaces on afterbody/
nozzle drag and the recent emphasis on small, lightweight fighters, an experi-
mental program to determine the effects of nonlifting empennage surfaces on
single-engine afterbody/nozzle drag has been conducted at Langley Research Cen-
ter. Objectives of this program were to provide a parametric data base on the
effects of nonlifting empennage surfaces on single-engine aft-end drag and to
investigate three methods for reducing adverse empennage interference on aft-end
drag. These methods were primarily used to smooth the aft-fuselage normal-area
distribution which reference 6 indicates to be a desirable feature at both sub-
sonic and supersonic speeds. Bumps in the aft-end normal-area distribution,
caused by addition of empennage surfaces, were reduced either by relocating the
empennage surfaces or by local afterbody contouring. Valleys in the aft-end
normal-area distribution were filled by addition of "contour" bumps.

The investigation was conducted in the Langley 16-foot transonic tunnel at
Mach numbers from 0.5 to 1.2 with nozzle throat areas corresponding to dry power
and maximum afterburning power and in the Langley U-foot supersonic pressure
tunnel at a Mach number of 2.2 with the nozzle at maximum afterburning power
(max. A/B). Jet total pressure ratio was varied from approximately 1.0 (jet
off) to 7 in the transonic facility and to approximately 20 in the supersonic
tunnel. All configurations were tested at 0° tail deflection.

SYMBOLS
A eross-sectional area, meter‘s2
Aan area of annular clearance gap at model base, meters?
Ag nozzle exit area, meter52
Aint internal cross-sectional area of afterbody/nozzle outer shell, meters?
Aper reference area (cross-sectional area at metrie break), 0.0273 meter?
Ag nozzle throat area, meters?
Cp drag coefficient
CD,a afterbody drag coefficient, D,/q A..¢
Cb,n nozzle drag coefficient (pressure + friction), D,/q Aper



ref

nozzle pressure drag coefficient, Dp,n/@nﬁref
total aft-end drag coefficient, Dt/QmAref
tail drag coefficient, Dtails/qMAref

afterbody-empennage interference drag coefficient increment,
ADi,a/qwﬂr‘ef

nozzle-empennage interference drag coefficient increment,

ﬂDi,n/q'nﬁr'ef

total aft-end—empennage interference drag coefficient increment,
ADj ¢/%Aper

static-pressure coefficient, (p, - P,)/q,

afterbody drag, newtons

drag measured by balance, positive downstream, newtons
nozzle drag (pressure + friction), newtons

nozzle pressure drag, newtons

total aft-end (afterbody/nozzle/tail) drag, newtons

tail drag, newtons

afterbody-empennage interference-drag increment, newtons
nozzle-empennage interference~-drag increment, newtons
total aft-end—empennage interference-drag increment, newtons
reference diameter (diameter at metric break), meters
nozzle throat diameter, meters

length of model with dry power nozzle installed, meters
free-stream Mach number

average free-stream Mach number

local pressure at nozzle annular clearance gap, newtons/meter?

internal static pressure, newtons/meter?

local static pressure, newtons/meter?

Jjet total pressure, newtons/meter2



(pt,j/pw)av average jet total pressure ratio

Po free-stream static pressure, newtons/meter2

q, free-stream dynamic pressure, newtons/meter?

r radius, meters

ry distance from model center line to horizontal tail "contour" bump

external surface, meters

Pref reference radius (radius at metric break), meters

ry distance from model center line to vertical tail "contour" bump
external surface, meters

Sy wing reference area for typical fighter, meters®

t/c empennage surface thickness ratio (ratio of local maximum thickness
to local chord)

p axial distance from model nose, positive downstream, meters

Xp axial distance from start of horizontal tail "contour" bump, meters

Xy axial distance from start of vertical tail "contour" bump, meters

Yh half-width of horizontal tail "contour" bump, meters

Yy half-width of vertical tail "contour" bump, meters

Ale sweep angle at leading edge, degrees

¢ meridian angle about model axis, degrees (positive for clockwise
direction when facing upstream; ¢ = 0° at top of model)

Abbreviations:

L.E. leading edge

max. A/B maximum afterburning

sta. station

APPARATUS AND METHODS
Wind Tunnels
The experimental investigation was conducted in the Langley 16-foot tran-
sonic tunnel and in the Langley 4-foot supersonic pressure tunnel. The Langley

16-foot transonic tunnel is a single-return, atmospheric tunnel with a slotted,
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octagonal test section and continuous air exchange. The tunnel has a continu-
ously variable speed range from M = 0.20 to M = 1.30. The Langley 4-foot
supersonic pressure tunnel is a single-return continuous-flow wind tunnel with
a stagnation-pressure range from 27.58 KN/m?® to 206.84 kN/m® and a stagnation-
temperature range from 310.9 K to 322.2 K. By mechanically deflecting the tun-
nel floor and ceiling between fixed sidewalls to form a divergent nozzle, the
Mach number can be varied from 1.25 to 2.20.

Model and Support System

A sketch of the sting-strut-supported single-engine model with the dry-
power nozzle installed is presented in figure 1, and photographs of the model
installed in the Langley 16-foot transonic tunnel are shown in figure 2. The
overall model arrangement represents a typical single-engine-fighter aft end
and is composed of four major parts, located as follows:

Model station, cm x/1
Porebody v v w v s v 5 % % e & o & % 3 0 to 89.38 0 to 0.533
Afterbody . . . . . « . . v v o ¢ 4« . .. 89.38 to 150,34 0.533 to 0.897
Nozzle:
Dry POWEBr: & § § % = 4 @@ .45 v ¥ . & 3 o= 16034 oo 167 .64 0.897 to 1.000
Maxe R/B w & o o 5 & w o @ & & & » = & » 190.30 o 164,88 0.897 to 0.984
Empennage surfaces . . . . . . . +« « « « « . Variable Variable

The term aft end, as used in this paper, is the metric portion of the model
(that portion of the model on which forces and moments are measured) beginning
at the metric break or seal station (sta. 89.38 cm) and includes the afterbody,
nozzle, and empennage surfaces when present. The axisymmetric forebody was non-
metric. As shown in figure 1, a 0.15-cm gap in the external skin at the metric-
break station prevented fouling between the nonmetric forebody and metric aft
end. A Teflon strip inserted into grooves machined into the nonmetric forebody
and the metric aft end was used as a seal to prevent internal flow in the model.
The metric aft end was attached to a six~component strain-gage balance which was
grounded to the nonmetric internal air system (high-pressure air plenum, tail-
pipe, and inner nozzle). A nominal 0.16-cm annular clearance gap between the

external and inner nozzle parts was required to prevent fouling between the met-
ric aft end and the nonmetric internal air system.

The center line of the model was located on the wind-tunnel center line.
The center line of the sting, which supports the strut in the 16-foot transonic
tunnel (see fig. 2), was 55.88 cm below the wind-tunnel center line. The sting
portion of the support system was 5.08 cm by 10.16 cm in cross section, with the
top and bottom capped by half-cylinders of 2.54-cm radius. The strut was 5 per-~
cent thick with a 50.8-cm chord (see fig. 1) in the streamwise direction. The
strut leading and trailing edges were swept 45°. In the U-foot supersonic tun-

nel, only the strut support was used and the model was mounted from the tunnel
sidewall,




The single-engine model used for this investigation utilized the single-
engine simulator air system described in reference 14, An external high-
pressure air supply provides the model with a continuous flow of clean, dry air
at a controlled temperature of about 306 K, which is used to simulate exhaust
flow over a range of jet total pressure.

Normal-cross-sectional-area distributions for each configuration investi-
gated are presented in figure 3. 1In addition to the regular configurations with
empennage surfaces, two tailless equivalent bodies (bodies of revolution) repre-
senting two different tail-on configurations were investigated. One equivalent
body (staggered-tail equivalent body) had a normal-area distribution identical
to the basic afterbody with the dry power nozzle, the forward vertical tail, and
the aft horizontal tail (see fig. 3(d)); the other equivalent body (aft~tail
equivalent body) had a normal-area distribution identical to the basic afterbody
with the dry power nozzle, the aft vertical tail, and the aft horizontal tail
(see fig. 3(e)).

Figure 4 presents a sketch and geometry details of the basic axisymmetric
afterbody (sta. 89.38 em to 150.34 cm). The afterbody had provisions for mount-
ing a vertical tail at two different axial locations (forward and aft), a mid
(model center line) horizontal tail at two different axial locations (forward
and aft), and a low horizontal tail at a single axial location (forward).
Sketches showing geometric details of the empennage surfaces are presented in
figure 5. The vertical and horizontal tails were sized with the afterbody and
nozzle areas to be representative of a typical single-engine-fighter
configuration.

Nozzle geometry simulated a variable-geometry, balanced-beam, convergent-
divergent nozzle typical of those currently in use on modern fighter aircraft.
The external nozzle shell attached directly to the afterbody at station
150.34 em. Two nozzle power settings, one representing dry operation and one
representing afterburning operation, were investigated. Sketches showing exter-
nal and internal nozzle geometry are presented in figure 6.

In addition to the basic axisymmetric afterbody (see fig. 4), two after-
bodies with varying amounts of local contouring were also investigated to exam-
ine the effect of aft-end normal-area distribution. For these afterbodies, the
vertical and horizontal tails were fixed in the forward and aft locations,
respectively (staggered empennage arrangement). Sketches showing geometric
details of these afterbodies are presented in figure 7. These afterbodies were
locally contoured in the region of the empennage surfaces by removing afterbody
volume to compensate for normal-area-distribution lumps created by addition of
empennage surfaces. (See figs. 3(f) and 3(g).) A minimum afterbody radius
equal to the nozzle maximum radius (7.62 cm) was used as a design constraint for
these afterbodies. This constraint resulted in a normal-area-distribution bump
in the x/1 range from 0.825 to 0.95 for these configurations. The partially
contoured afterbody was designed to account for only a portion of the empennage-
surface volume. The fully contoured afterbody was designed, within the above
constraint, to account for the total empennage volume. For these afterbodies,
tail span was held constant by addition of root fillers such that empennage
wetted area increased slightly with increased amounts of contouring.



The effect of normal-area distribution was also investigated by adding "con-
tour" bumps around the empennage surfaces on three different aft-end configura-
tions. Figure 8 presents sketches of the contour bumps showing their location
and important dimensions. These bumps were designed to eliminate defects in the
aft-end normal-area distribution. (See figs. 3(d), 3(e), and 3(g).) The par-
tial contour bumps (see fig. 8(a)) were designed to only partially fill aft-end
normal-area-distribution defects, whereas the full contour bumps completely
filled the normal-area-distribution defects. Since the contour bumps were added
around the base of the empennage surfaces, empennage wetted area varied slightly
for each aft-end configuration with contour bumps.

Instrumentation

External static-pressure orifices were located on the afterbodies at the
locations indicated in figures 4 and 7. External static-pressure orifice loca-
tions on the nozzles are shown in figure 6. Two separate dry power nozzles with
identical external and internal geometries were investigated. The baseline noz-
zle had 20 external static-pressure orifices and was installed for all force and
moment tests; the alternate pressure nozzle had 56 external static-pressure ori-
fices and was installed for pressure tests only. Internal pressures were mea-
sured in the afterbody cavity at six internal orifice locations. Four total
pressures and the stagnation temperature of the jet flow were measured in each
nozzle at locations indicated in figure 6.

Forces and moments on the external shell of the metric aft end (afterbody,
nozzle, and tails) were measured with a six-component strain-gage balance.
Forces on the internal flow system (thrust) were not measured. An electronic
turbine flow meter was used to obtain the air mass-flow rate to the nozzle.

Tests

Data were obtained in the Langley 16-foot transonic tunnel at Mach numbers
from 0.50 to 1.30 and in the Langley U-foot supersonic pressure tunnel at a Mach
number of 2.20 at a stagnation pressure of 124 KN /m@ and at a stagnation temper-
ature of 317 K. Angle of attack and tail deflection angle were held constant at
0° during the entire investigation. Reynolds number based on model length var-
ied from approximately 1.53 x 107 at M = 0.50 to 2.08 x 107 at M = 1.30 in
the Langley 16-foot transonic tunnel and was 2.11 x 107 at M = 2.20 in the
Langley 4-foot supersonic pressure tunnel. The ratio of jet total pressure to
free-stream static pressure was varied from approximately 1.0 (Jjet off) to about
20.0, depending on Mach number. To insure a turbulent boundary layer over the
afterbody, a 0.38-cm-wide transition strip of No. 100 carborundum grit was fixed
5.72 cm from the model nose. Transition strips 0.13 cm wide of No. 90 carborun-

dum grit were fixed 2.08 em and 1.61 cm from the leading edges of the vertical
and horizontal tails, respectively.

In addition to the normal (force and moment measurements with limited
external pressure instrumentation) tunnel run made for each configuration
investigated, two additional tunnel runs were made on several of the dry power
nozzle configurations. For these configurations, a pressure run and a flow-



visualization run were made with the alternate dry power pressure nozzle
installed. The pressure run (no balance data) was required for the alternate
dry power pressure nozzle because of the added restraint created by additional
pressure tubing for 56 pressure orifices. (See fig. 6(a).) Surface-flow-
visualization runs were accomplished by pumping water tinted with ink through
orifices equally spaced in a circumferential tube buried in the afterbody at
station 93.98 com (see fig. 4) and by adding tufts to the empennage surfaces.
Because of tuft drag, restraint of the ink flow tube, and the possibility of
orifice blockage, no data were obtained during these runs except for photo-
graphs, tunnel parameters, and internal exhaust flow parameters.

Data Reduction

All data for both the model and the wind-tunnel facilities were recorded
simultaneously on magnetic tape. Approximately 10 frames of data, taken at a
rate of 1 frame per second, were used for each data point; average values were
used in computations. The recorded data were used to compute standard force and
pressure coefficients. All force coefficients in this report are referenced to
the forebody maximum cross-sectional area (cross-sectional area at metric-break
station).

Aft-end drag was obtained directly from the six~component balance and com-
puted from the equation

2
Dy = Dpgy - % (Pint,k = Pw)Bint,k - % (Pan,k = Pw)Ban,k n

Included in the balance term Dpa are external and internal axial forces on
the afterbody/nozzle external sheil (including nozzle base drag, jet effects on
external drag, and tail drag when tails are installed). Included in the aft-end
drag D but not felt by the balance term Dbal is a pressure-area term to
account for the annulus between the nozzle internal and external pieces. (See
fig. 6.)

Nozzle drag D, was obtained for each configuration by adding nozzle pres-
sure drag to a computed value of nozzle skin-friction drag. Nozzle pressure
drag was obtained by a pressure-area integration using measured nozzle static
pressures over the external nozzle boattail surface (sta. 150.34 cm to end of
model). Nozzle skin-friction drag was computed by using the Sommer and Short
reference temperature method as outlined in reference 15.

Tail drag Dtails was computed for each tail-on configuration. Tail drag
was composed of friction drag plus form drag at subsonic speeds (M < 0.89) and
friction drag plus wave drag at supersonic speeds (M > 1.00). For M greater
than 0.89 and less than 1.00, a smooth fairing between the subsonic and super-
sonic values was used to obtain tail drag. Friction drag and wave drag were
computed from methods outlined in references 15 and 16, respectively. Subsonic
form factors for the tails were obtained from empirical data correlations of
unpublished NASA data and may be obtained from the equation
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Form factor = 1 + 1.4U4(t/c) + 2(t/c)? (2)

Afterbody drag D, was obtained for each configuration from the equation

Dy =Dy = Dy = Diayis (3)

One of the primary objectives of this investigation was to determine empen-
nage interference. Empennage interference-drag increments on the total aft end
were obtained from the equation

8;,t = (P¢)tails on = (Ptltails ofr ~ Dtails (4
where (D )¢ is the experlmentally measured value of tails-on aft-end
drag (afterbody?nozzle/tails} is the experimentally measured
value of tails-off aft-end drag (a%terbody/nozzle) for the same configuration,
and D is the computed value of tail drag. Positive values of AD
indiane aaverse interference effects of empennage surfaces on aft-end drég

It can be noted from equation (4) that absolute values of aft-end—empennage
interference-drag increments can be obtained only for those configurations
which were tested with empennage surfaces off and on. Empennage interference-
drag increments on the nozzle alone were obtained from the equation

83 n = (Ppltails on = (Pnltails off (5)

Empennage interference-drag increments on the afterbody alone were then computed
from the equation

ani,a = ﬁDi,t - bDi’n (6)

It should be noted that any interference effects on the tails themselves

(assumed to be negligible) are included in the afterbody interference-drag

term ADi,a'

DISCUSSION
Basic Data

Figure 9 presents the basic drag data as a function of jet total pressure
ratio for all configurations at all Mach numbers investigated. An index of the
configurations presented in figure 9 is given as table I. For tail-off configu-
rations (e.g., see fig. 9(a)), total aft-end and nozzle pressure drag coeffi-
cients are shown; for tail-on configurations (e.g., see fig. 9(f)), the computed
value of tail drag coefficient is also given. Since tail friction, form, and
wave drags are not a function of jet total pressure ratio, tail drag remains
constant with varying pt’j/pw.

Both aft-end drag and nozzle pressure drag exhibit typical variations with
increasing jet total pressure ratio. (For example, see refs. 8 to 10.) As a
result of a base-bleed effect, a significant drag reduction generally occurs
with initial jet operation. As jet total pressure ratio is increased from very
low values, aft-end drag and nozzle pressure drag increase as a result of the



aspiration caused by the pumping action of the jet exhaust. At a jet total
pressure ratio generally between 2.0 and 3.0, a maximum value of jet-on drag
was reached, and any further increase in jet total pressure ratio reduced drag
as the compression region at the nozzle exit increased in strength with jet
exhaust plume growth.

Pressure Distributions

Effect of support system.- The effect of the support system (strut) on
afterbody/nozzle pressure distributions is shown in figure 10. Pressure distri-
butions at four meridian angles on a tails-off aft end are shown for several
combinations of Mach number and jet total pressure ratio. Pressure distribu-
tions on the model top (¢ = 0°) are usually considered to be free of support
interference. As indicated in references 17 and 18, differences between the
pressure distributions directly behind the support system (¢ = 180°) and the
model top could indicate undesirable support interference on the metric aft end.
Examination of the pressure distributions around the model used for the current
investigation (see fig. 10) indicate little or no effect of the model support
system on the metric aft-end measurements.

Effect of jet total pressure ratio.- The effects of jet total pressure
ratio on afterbody/nozzle pressure distributions at four meridian angles and
several Mach numbers are shown in figures 11 to 13. Tails-off data on the basic
afterbody with the dry power nozzle are presented in figure 11, and tails-on
(staggered tails with vertical tail forward) data on the basic afterbody with
the dry power nozzle and the max. A/B power nozzle are presented in figures 12
and 13, respectively. Jet operation generally increased the pressure coeffi-
cients near the end of the model; several exceptions are noted at M > 1.0. The
force data presented in figure 9 exhibit this characteristic in that the jet-on
drag coefficients are generally lower than the jet-off drag coefficient. For
M < 1.0, jet interference effects carried forward of station x/1 = 0.833,
whereas at low supersonic speeds, jet interference effects were limited to areas
aft of station x/1 = 0.940 to 0.952 for the dry-power configurations and sta-
tion 0.959 for the max. A/B configuration. At M = 2.20, jet interference
effects were much smaller and limited to areas aft of station x/1 = 0.959.

Empennage arrangement.- Afterbody/nozzle static-pressure distributions at
¢ = 3150, showing the effect of empennage arrangement, are presented in fig-
ures 14 and 15 for the dry power and max. A/B power nozzles, respectively, on
the basic afterbody. Data are presented for three empennage arrangements:
tails off, aft tails, and staggered tails (vertical tail forward). The pressure
distributions shown are characterized by low pressures on the afterbody followed
by recovery on the nozzle boattail. The pressure recovery on the dry power noz-
zle (fig. 14) is sufficient to create a negative drag (thrust) on the nozzle at
subsonic speeds. (See fig. 9.) The sharp compression indicated by the pres-
sures on the max. A/B nozzle at x/1 = 0.925 (fig. 15) is caused by a discon-
tinuity in the external contour of the max. A/B power nozzle (see fig. 6(b)).
This discontinuity is created when the nozzle flap rotates to change the nozzle
power setting from dry to max. A/B.
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The pressure distributions for both nozzle power settings indicate identi-
cal trends with varying empennage arrangement. At subsonic speeds, addition of
empennage surfaces generally reduced afterbody static pressures and increased
nozzle static pressures aft of station x/1 = 0.909. At supersonic speeds,
addition of empennage surfaces was generally adverse on all pressures measured.
The favorable effect at subsonic speeds of empennage surfaces on nozzle static
pressure increases as each empennage surface is moved closer to the nozzle boat-
tail. This effect is more clearly seen in figure 16 which presents the pressure
distribution around the nozzle circumference (¢ = 270° to 360°) at station
x/t = 0.935 for the dry power nozzle. The pressure measured at ¢ = 270° is
directly behind the horizontal tail and the pressure measured at ¢ = 360° is
directly behind the vertical tail. Addition of empennage surfaces in a forward
location produces a small favorable effect on all nozzle static pressures mea-
sured at this station. Moving the horizontal tail to an aft location to produce
a staggered empennage arrangement results in a favorable increase in the statie
pressures close to the horizontal tail surface (¢ B 270° to 3060); static pres-
sures close to the forward vertical tail (¢ = 324° to 360°) were unaffected and
remain at the level for the forward empennage arrangement. Moving the vertical
tail to an aft position with the horizontal tail (aft empennage arrangement)
resulted in a substantial increase of the static pressures close to the verti-

cal tail; static pressures close to the horizontal tail were also increased
slightly.

Although complete afterbody pressure distributions were not obtained, the
pressure distributions obtained indicate a possible large unfavorable empen-

nage interference effect on afterbody drag but a favorable effect, at subsonic
speeds, on nozzle drag.

on r .~ Figures 17 and 18 present the effect of contour bumps on
the pressure distributions of the basic afterbody and dry power nozzle combina-
tion (¢ = 3159) with a staggered empennage arrangement (vertical tail forward)
and an aft empennage arrangement, respectively. Addition of contour bumps pro-
duced mixed results on the afterbody pressures (x/1 = 0.833 to 0.864). Because
of the limited pressure instrumentation on the afterbody, it is impossible to
establish trends about afterbody drag from the pressure data shown. Contour
bumps have little or no effect on nozzle pressure distributions and hence nozzle
drag may be expected to be relatively insensitive to this feature.

Afterbody contouring.- The effects of afterbody contouring on afterbody/
nozzle pressure distributions (% = 315°) are presented in figures 19 and 20 for
the dry power and max. A/B power nozzles, respectively. Afterbody contouring
was investigated with the staggered empennage arrangement (vertical tail for-
ward) only. Afterbody contouring generally produced larger variations in the
static~-pressure distributions than did the addition of contour bumps. Similar
to the contour bump feature, afterbody contouring produced mixed results on
afterbody static pressures and it is impossible to establish possible trends of
afterbody drag. However, unlike the contour bump feature, afterbody contouring
did affect the nozzle static-pressure distributions; afterbody contouring gen-
erally decreased nozzle static pressure and an increase in nozzle drag may be
expected when the afterbody is contoured.
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Aft-End Drag Characteristics

In order to simplify data analysis, drag data have been cross-plotted at
selected jet total pressure ratios. Figure 21 presents a typical variation of
turbofan-engine total pressure ratio with Mach number for a turbofan engine
(maximum dry power), which was used for comparison purposes in this investiga-
tion, Although discussion for this particular schedule of Pt as a func-
tion of M would generally be true for other schedules, the réfatlve differ-
ences between comparisons may vary.

For the summary figures shown hereafter, cross-plotted values of total aft-
end (afterbody/nozzle/tails) drag, nozzle drag, afterbody drag, and tail drag
coefficients will be presented as a function of Mach number. An explanation of
how these coefficients were obtained is included in the section "Data Reduc~
tion." 1In addition, for afterbody/nozzle configurations which were investigated
with tails off, empennage interference-drag coefficient increments (see the sec-
tion "Data Reduction") on the total aft end, nozzle, and afterbody are also pre-
sented. It should be noted that the curves shown in these summary figures
between M m 1.2 and M = 2.2 do not represent actual data but were faired
according to past experience with data in this Mach range.

Empennage arrangement.- The effects of empennage arrangement on aft-end drag
characteristics are presented in figures 22 and 23 for the dry power nozzle and
the max. A/B power nozzle, respectively. Total aft-end drag coefficient C
and its components C , and c . are presented for several empén-
nage arrangements as a’?unctlén of Mach num%er (figs. 22(a), 22(b), 23{a), and
23(b)) at the scheduled values of py ;/p_. It should be noted that these drag
components include empennage interferdice effects when present. Also shown for
both nozzle power settings (figs. 22(c) and 23(c)) are the absolute values of
empennage interference-drag coefficients acting on the total aft end, nozzle,
and afterbody as obtained by the procedures outlined previously in the section
"Data Reduction.™

For M < 1.0, these data indicate that the majority of aft-end drag origi-
nates on the afterbody (46 to 65 percent of Cp.¢) and tails (26 to 51 percent
of C ), although these two components togethér comprise only approximately
51 perdent and 64 percent of the total aft-facing projected area for the dry and
max. A/B configurations, respectively; the remaining aft-facing projected area
(approximately 49 percent for the dry power configuration and 36 percent for
max. A/B power configuration) occurs on the nozzle boattail. Although a signif-
icant portion of the total aft-facing area consists of nozzle boattail, nozzle
drag contributes very little to the total aft-end drag for M < 1.0 (maximum of
12 percent of C ). In fact, as a result of the static-pressure recovery over
the nozzle surfacd discussed in the section "Pressure Distributions," the nozzle
reduces the total aft-end drag (up to 19 percent) by providing a negative drag
(thrust) over much of the subsonie Mach number range for the dry power nozzle
configurations and for a limited Mach number range for the max. A/B nozzle con-
figurations. At supersonic speeds, the total aft-end drag Cp is more nearly
equally divided among the afterbody (28 to 38 percent of C tails (36 to
51 percent of Cp and nozzle (32 to 39 percent of CD %or the dry power
nozzle and 15 to é§ percent CD,t for the max. A/B power nozzle} components.
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Examination of total aft-end empennage interference-drag coefficient incre-
ments ACp ;4 (see figs. 22(e) and 23(c)) indicates that empennage interference
is genera?iy small for M < 0.85 (5 to 8 percent of Ch ) but comprises a sig-
nificant portion of the total aft-end drag at transonic (E to 54 percent of
CD ) and supersonic (11 to 20 percent of C ) speeds. Based on the wing area
(S’/Aref = 16.0) and drag of a typical singlelengine fighter, empennage inter-
ference (aft tails) could account for 8 to 39 percent of airplane drag at Mach
numbers above 0.85., Empennage interference effects on nozzle drag were gener-
ally favorable (negative values of AC in) at subsonic speeds but unfavorable
at supersonic speeds. The negative va?ﬁes of aC at subsonic speeds indi-
cate that the low and sometimes negative nozzle drdg (see figs. 22(a) and 23(a))
discussed earlier results not only from excellent static-pressure recovery char-
acteristics of the basic afterbody/nozzle (see fig. 11) but also from favorable
empennage interference acting on the nozzle (see figs. 22(c) and 23(c)). These
favorable empennage interference effects on nozzle drag at subsonic speeds
increased as each empennage surface was moved aft closer to the nozzle surface.
At supersonic speeds, an opposite trend is indicated; adverse (positive aC in)
empennage interference decreased as each empennage surface was moved forwarg’
away from the nozzle surface. These results are consistent with the nozzle
static-pressure distributions discussed earlier. (See figs. 14 to 16.) Adverse
empennage interference on the afterbody more than offset any favorable effects
on the nozzle such that, with one exception at low subsonic Mach numbers, empen-
nage interference always had an adverse effect on total aft-end drag (positive
values of ﬂCD,it)'

Empennage arrangement had a large effect on aft-end drag (total drag and
its components). In fact, for the configurations of this investigation, varying
the longitudinal location of individual tail surfaces was found to be the most
consistent and effective method for reducing adverse empennage interference and
thus aft-end drag, particularly in the transonic speed range (0.90 S M =< 1.20)
where adverse empennage interference effects were found to be largest. For
M < 1.0, adverse empennage interference and total aft-end drag were signifi-
cantly reduced by staggering the empennage surfaces (vertical tail forward,
horizontal tail aft). Both configurations with empennage surfaces located in
the same approximate axial location (forward or aft) produced more adverse
empennage interference and higher total aft-end drag. At supersonic speeds, the
forward empennage arrangement produced the least adverse empennage interference
and the lowest aft-end drag. This result probably stems from the fact that the
forward empennage arrangement produces negligible empennage interference on the
nozzle boattail at supersonic speeds. However, examination of the max. A/B con-
figuration data (fig. 23), which would apply to most aircraft during supersonic
flight, indicates that the forward empennage arrangement was only marginally
better than the staggered empennage arrangement. It should be noted that the
aft (conventional) empennage arrangement produced the most adverse empennage
interference and highest total aft-end drag at all conditions investigated.

Method of staggering empennage surfaces.- The effect of two different meth-
ods of staggering the empennage surfaces on aft-end drag characteristics is pre-
sented in figure 24. One configuration presented has a forward vertical tail
with an aft horizontal tail (solid line); the other configuration presented has
an aft vertical tail with a forward horizontal tail (dashed line). The method
of staggering the empennage surfaces generally had only a small effect on total
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aft-end drag. The aft-end drag of the configuration with the forward vertical
tail and the aft horizontal tail was slightly lower than the aft-end drag of the
configuration with the aft vertical tail and the forward horizontal tail for

M < 1.0. Negligible effects were measured at low supersonic speeds and at

M= 2.2 (see fig. 23).

Horizontal tail vertical location.- The effect on aft-end drag characteris-
tics of changing. the horizontal tail from a mid to a low position is presented
in figure 25. The low horizontal tail was investigated in the forward axial
location with the forward vertical tail only. For the configuration tested,
horizontal tail vertical location had little or no effect on empennage interfer-
ence or aft-end drag.

Contour bumps.- Addition of empennage surfaces to a smoothly contoured aft
end creates nonoptimum bumps in the aft-end area distribution (see figs. 3(b),
3(ec), and 3(e)). In an attempt to smooth the aft-end normal-area distribution
and thereby hopefully reduce adverse empennage interference effects, contour
bumps were added around the tail surfaces on several configurations (see
figs. 3(d) and 3(e)). On the assumption that at subsonic speeds, tail interfer-
ence originates mainly from the tail surface root area and any "fix" for adverse
tail interference should account only for that portion of the tail causing the
problem, a partial contour bump was also investigated which accounted for only
the tail cross-sectional area near the root which was immersed in the boundary
layer. Figures 26 through 28 present the effects of contour bumps on the aft-
end drag characteristics. Since these configurations were not investigated with
tails off, absolute values of empennage interference were not obtained. Fig-
ures 26 and 27 present contour bump data for a staggered empennage arrangement
(vertical tail forward) with the dry power nozzle and the max. A/B power nozzle,
respectively; figure 28 presents data for the aft empennage arrangement with the
dry power nozzle.

Addition of contour bumps generally increased aft-end drag, particularly in
the subsoniec and cruise Mach number range where adverse empennage interference
drag can have a significant impact on airplane range. It should be noted that
aft-end drag Cp.y and afterbody drag Cp inelude drag on the contour bumps
themselves which’must be compensated for by reduced empennage interference in
order to show a net gain. Some drag reductions attributable to the contour
bumps were obtained at transonic Mach numbers (0.90 < M < 1.2) for the aft
empennage arrangement. (See fig. 28.) Drag reductions near M = 1.0 were
expected since the contour bumps were designed for the normal-area distribution.
It is interesting to note that this "fix" reduced aft-end drag only for the con-
figuration with the highest measured adverse empennage interference (aft empen-
nage arrangement - see fig. 22) but was ineffective for the configuration with
the lowest measured adverse empennage interference (staggered empennage arrange-
ment - see fig. 22).

Afterbody contouring.- An alternate approach to smoothing the aft-end
normal-area distribution was also investigated. Rather than adding area (con-
tour bumps) to fill in the area distribution, the afterbody was contoured to
remove lumps created by addition of empennage surfaces. (See figs. 3(f) and
3(g).) For the same reason as discussed for the contour bumps, a partially con-
toured afterbody was also investigated.
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Figures 29 and 30 present the results of afterbody contouring on aft-end
drag characteristics with the dry power nozzle and the max. A/B power nozzle
installed, respectively. Afterbody contouring was investigated with the stag-
gered empennage arrangement only. Since the fully contoured afterbody was
investigated with the tails off (dry power nozzle only), absolute values of
empennage interference were obtained for this configuration. Opposite results
due to afterbody contouring were obtained at subsonic (M £ 0.90) speeds depend-
ing on nozzle power setting; afterbody contouring increased aft-end drag for the
dry power configuration but reduced aft-end drag for the max. A/B power configu-
ration. At low supersonic speeds (M = 1.2), afterbody contouring (designed for
M = 1.0) reduced aft-end drag for both configurations investigated. Examination
of the empennage interference-drag characteristics (see fig. 29(c)) provides
insight into the reason for this drag reduction. At low supersonic¢ Mach num-
bers, afterbody contouring had little effect on nozzle drag (little change in
QCD i ) but produced a dramatic decrease in the empennage interference acting on
the’a?terbody. In fact, afterbody contouring produced a beneficial empennage
interference on the afterbody, as indicated by the negative values of AC in*
The net result on the total aft-end empennage interference Cp 4¢ Wwas tBé%
afterbody contouring almost totally eliminated the adverse empehnage interfer-
ence produced by the staggered empennage surfaces (5CD,it = 0.0).

Combination contour bumps and afterbody contouring.- In order to investi-
gate the effects of combined contour bumps and afterbody contouring, the fully
contoured afterbody with the dry power nozzle and the staggered empennage
arrangement was tested with a set of full contour bumps. The normal-area dis-
tribution was completely smooth with no lumps (see fig. 3(g)). A comparison of
the aft-end drag characteristics of this configuration with those of the basic
aft end (with and without contour bumps) and with those of the fully contoured
afterbody without contour bumps is presented in figure 31. Combined use of con-
tour bumps and afterbody contouring increased aft-end drag over the basic aft
end (solid line) at all conditions tested and in fact produced the highest aft-
end drag measured for the staggered empennage arrangement at 0.85 <M < 1.20.

In general, for the staggered empennage arrangement, contour bumps reduced
nozzle drag and increased afterbody drag, whereas afterbody contouring increased
nozzle drag and decreased afterbody drag; with one exception at M = 1.2, the
net result was a drag increase on the total aft end.

Reference 6 indicates that for aircraft designed primarily for subsonic and
transonic missions, two of the desirable aft-end design guidelines are a smooth
area distribution and aveidance of sharp corners and steps (continuous, smooth
aft-end closure rates). Results from the current investigation on contour
bumps, afterbody contouring, and a combination of both indicate that the latter
design guideline is more critical or important at subsonic speeds than the for-
mer guideline. Although contour bumps and afterbody contouring were used to
produce a smooth area distribution, as suggested in reference 6, these modifica-
tions also produced discontinuous and sometimes steep aft-end slopes in local
areas and generally increased aft-end drag in the subsonic speed range. Thus,
attention to local aft-end slopes and empennage arrangement appear to be the
most critical aft-end design elements at subsonic speeds. At transonic and

supersonic speeds, as also suggested by reference 6, the area distribution
itself also becomes critical.
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Eqpivalent/bodies.- In an attempt to determine whether the aft-end drag
could be obtained from tests of simple bodies (no tails), two equivalent bodies
were investigated at Mach numbers up to 1.20. Each equivalent body was a body |
of revolution with no tails and had the dry power nozzle installed. The normal-
area distribution of omne equivalent body was identical to the area distribution
of the configuration with the basic afterbody and the aft empennage arrangement,
and the other equivalent body had a normal-area distribution identical to that
of the configuration with the basic afterbody and the staggered empennage
arrangement (forward vertical tail). Figure 32 presents comparisons of -
equivalent-body aft-end drag with the aft-end drag of the tail-on configuration |
it represents. Also shown in figure 32 are two estimates of aft-end drag which
use simple tail-off body data as a data base. One estimate is derived from the
equivalent-body data (see figs. 9(c) and 9(d)). Since the equivalent-body vol-
ume includes empennage volume, the pressure drag of the empennage surfaces was
assumed to be included in the equivalent-body aft-end drag values. However, the
wetted area of the empennage surfaces is not included in the equivalent-body
wetted area and thus tail friction drag was added. The other estimate consists
of the aft-end drag of the basic configuration with tails off (see fig. 9(a))
plus tail drag computed by the method outlined in the section "Data Reduction.

Examination of figure 32 shows that neither method is adequate for
estimating total aft-end (tails on) drag at Mach numbers greater than 0.90. At
Mach numbers below 0.90, both methods yield reasonable configuration drag
estimates with the method utilizing the equivalent body data base producing the
best agreement with actual configuration drag. These results indicate that
complex single engine aft—ends may be simulated with simple bodies of revolution
to obtain reasonable estimates of zero-lift aft-end drag at subsonic speeds.

At transonic and supersonic speeds, actual aft-end geometry needs to be
simulated to produce reasonable values of aft-end drag. The estimate utilizing
the aft-end drag data of the basic configuration with tails off tends to
significantly underestimate drag at transonic and supersonic speeds. The
reason for this, of course, is that this method includes no estimate of
empennage interference drag. Thus, the adequacy of this method depends on
the amount of empennage interference drag present on the tail-on configuration
(compare fig. 32(a) with fig. 32(b), for example). The method utilizing the
equivalent body data base generally provides better agreement in these speed
regimes but it too tends to underpredict the empennage interference drag thus
producing too low aft-end drag estimates.

Flow Visualization

A combination of ink flow on the afterbody/nozzle and tufts on the empen-
nage surfaces was used to obtain photographs of the aft-end flow characteris-
tics., Photographs were obtained with the dry power nozzle only.

Mach number and empennage arrangement.- The effect of Mach number and
empennage arrangement on jet-off aft-end flow characteristics is illustrated by
the photographs shown in figure 33. The flow over the nozzle boattail appears
to be attached for Mach numbers up to 0.80. Evidence of flow turning can be
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seen by the lowest row of tufts on the aft vertical tail. Areas of flow separa-
tion on the nozzle boattail can be observed at Mach numbers of 0.90 and 0.95.

The addition of empennage surfaces tended to induce flow separation at lower
Mach numbers., As each empennage surface was moved aft, the region of separated
flow tended to increase. At a Mach number of 0.95, a large asymmetric separated
area can be observed for the staggered empennage arrangement. Also at M m 0.95,
it appears that at least half of the nozzle boattail flow for the aft empennage
arrangement 1s separated; this extensive separated region even extends onto the
vertical tail as evidenced by the tufts.

Effect of jet total pressure ratio.- The photographs shown in figure 34
illustrate the effect of jet total pressure ratio on nozzle boattail flow. At
Mach numbers for which the jet-off nozzle boattail flow was attached, jet opera-
tion tended to induce boattail flow separation. (For example, compare the
photograph for M = 0.85 and jet off with the photograph for M = 0.85 and

./p = 6.0.) At Mach numbers for which the jet-off nozzle boattail flow was
extgn51vely separated (for example, M = 0.95), jet operation had little effect
on the separated region.

Figure 35 presents nozzle static-pressure distributions for the same condi-
tions of Mach number and jet total pressure ratio as illustrated by the photo-
graphs in figure 34. Comparison of the jet-off and jet-on pressure distribu-
tions, particularly at M = 0.85, indicates jet-induced separation at the last
pressure orifice. Little effect of jet operation on the separated flow region
at M o 0.95 can be identified. 1In general, the effects of flow separation on
the nozzle static-pressure distributions were minor when compared with the large
effects indicated by the flow visualization photographs.

Theoretical Comparisons

Figure 36 presents a comparison of measured aft-end drag coefficients with
theoretical aft-end drag coefficients for configurations with both nozzle power
settings and several empennage arrangements. Measured data are presented for
jet total pressure ratios representing a Jjet-off condition, an on-design condi~
tion (exhaust flow fully expanded wlth near cylindrical plume; /p = 2.30
for the dry power nozzle and py = 5.75 for the max. A/B powér nozzle)
and a typical engine operating Jée total pressure ratio (pt /p_ = = 6.00 at
M = 1.20). Theoretical aft-end drag values were obtained fF3m ealculations of
supersonic wave drag (ref. 16) and friction drag (ref. 15). The supersonic wave
drag calculations assume a slender body with a c¢ylindrical exhaust plume. Excel-
lent agreement between data and theory was obtained for the max. A/B power noz-
zle configurations, particularly for jet-on conditions. However, slender body
theory was totally inadequate for the dry power nozzle configurations. This is
a result of the theory's inability to handle the Large closure angle (nonslender
body) which terminates the dry power nozzle. Tail drag increments appear to
have been satisfactorily computed for both nozzle power settings. This fact

lends credibility to the technigue used to obtain empennage 1nterference in the
current paper.

Comparisons of experimental afterbody/nozzle (tails off) static-pressure
distributions with analytical calculations using the Neumann inviseid flow
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theory (ref. 19) and an inviscid streamtube curvature method (ref. 20) are pre-
sented in figures 37 to 40. Results from the Neumann method with the boundary
layer included are also presented in figure 40. Both inviscid methods overpre-
dict the compression near the nozzle exit. This is a result of the inability to
handle boundary-layer growth and separation. It was found that this deficiency
rendered these theories to be almost totally inadequate for accurate nozzle
pressure-drag estimates. 1In addition to this deficiency, it was found that both
theories often overpredicted the expansion region and started pressure recovery
too far downstream on the nozzle boattail.

Addition of the boundary layer to the Neumann theory (see fig. U40) resulted
in a substantial improvement of the prediction of the compression level at the
nozzle exit; unfortunately, it also caused an underprediction of the boattail
expansion region and started pressure recovery too far upstream on the nozzle
boattail.

CONCLUSIONS

An investigation has been conducted in the Langley 16-foot transonic tunnel
and the Langley U4-foot supersonic pressure tunnel to determine the effects of
nonlifting empennage surfaces on single-engine aft-end drag characteristics at
Mach numbers up to 2.2. The jet total pressure ratio was varied from approxi-
mately 1 (jet off) to approximately 20, depending on Mach number. Three methods
for minimizing adverse empennage interference effects were investigated. Results
from this study indicate the following conclusions:

1. Empennage interference effects can be significant on single-engine aft-
end drag at transonic and supersonic speeds.

2. Although favorable empennage interference effects were measured on noz-
zle drag, empennage interference was almost always adverse on total aft-end
drag.

3. Relocation of individual tail surfaces was found toc be the most effec-
tive method for reducing adverse empennage interference effects. For Mach num-
bers less than 1.0, staggered empennage arrangements appear to produce the least
adverse interference effects. At supersonic speeds, the forward empennage
arrangement produced the least adverse interference effects. The aft (conven-
tional) empennage arrangement produced the highest aft-end drag at all condi-
tions investigated.

4, In the low subsonic and cruise Mach number range, addition of "contour"
bumps, designed to smooth the normal-area distribution, increased aft-end drag.
Some drag reductions attributable to contour bumps were found at transonic and
supersonic speeds.

5. At subsonic speeds, afterbody contouring was effective in reducing aft-
end drag for the maximum afterburning power n. zzle only. Results at supersonic
speeds indicate that local area ruling can almost totally eliminate adverse
empennage interference effects.
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6. Results from this investigation indicate that attention to local aft-end
details (avoidance of bumps, steep local slopes, contour discontinuities, ete.)
is a more critical aft-end design criteria at subsonie speeds than producing a
smooth normal-area distribution.

7. Current, existing methods for estimating aft-end drag (tails off or on)
in a simple manner were found to be inadequate with one exception. This excep-
tion was the supersonic wave drag calculated by slender-body theory for the max-
imum afterburning power nozzle configurations; however, this theory was inade-
quate when attempted on dry power nozzle configurations with high closure
angles,

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

November 17, 1976
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TABLE I.- INDEX TO BASIC DATA

Afterbody Nozzle
type type
Basic Dry
Basic Max. A/B
Equivalent body Dry
Equivalent body Dry
Fully contoured Dry
Basie Dry
Basic Max. A/B
Basic Dry
Basic Max. A/B
Basic Dry
Basie Max. A/B
Basic Dry
Basic Dry
Basic Dry
Basic - Dry
Basic Max. A/B
Basic Dry
Fully contoured Dry
Partially contoured Dry
Fully contoured Dry
Fully contoured Max. A/B
Basic Max., A/B
Fully contoured Max. A/B
Partially contoured | Max. A/B

Horizontal

tail location

off
off
Mid, aft
Mid, aft
off
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, forward
Mid, forward
Mid, forward
Low, forward
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, aft
Mid, forward
Mid, aft
Mid, aft
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Vertical
tail location

off
off
Aft
Forward
off
Forward
Forward
Aft
Aft
Forward
Forward
Aft
Forward
Forward
Forward
Forward
Aft
Forward
Forward
Forward
Forward
Aft
Forward
Forward

Contour
bumps

off
off
off
off
off
off
off
off
off
ofrf
off
off
off
Partial
Full
Full
Full
Full
off
off
off
off
Full
off

Figure

9(a)

9(b)
9(c)
9(d)
9(e)
9(f)
9(g)
9(h)
9(i)
9(Jj)
9(k)
9(1)
9(m)
9(n)
9(0)
9(p)
9(q)
9(r)
9(s)
9(t)
9(u)
9(v)
9(w)

9(x)
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Figure 1.- Sketch of air-powered, single-engine model with dry power nozzle installed.
All dimensions are in centimeters.
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L-74-3994
(a) Basic afterbody with dry power nozzle, forward vertical tail, and aft horizontal tail.

Figure 2.- Photographs of model installed in Langley 16~foot transonic tunnel test section.
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L-T4-6T710
(b) Basic afterbody with maximum afterburning nozzle, aft vertical tail,
and aft horizontal tail.-

Figure 2.- Continued.



9e

L-T4-6622
(e) Basic afterbody with dry power nozzle, full contour bumps, aft vertical tail,
and aft horizontal tail.

Figure 2.- Concluded.
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Bosic afterbody plus dry power nozzle
— —— Moax, A/B power nozzle
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x/1
(a) Basic afterbody, tails off.

Figure 3.- Normal-area distribution of each configuration.
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(b) Basic afterbody + forward tails.

Figure 3.- Continued.
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(c) Basic afterbody + staggered tails (aft vertical tail).

Figure 3.- Continued.
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Bosic afterbody plus dry power nozzle
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(d) Basic afterbody + staggered tails (forward vertical tail).

Figure 3.- Continued.
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Figure 3.- Continued.
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(e) Basic afterbody + aft tails.

Figure 3.- Continued.
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(f) Partially contoured afterbody + staggered tails (forward vertical tail).

Figure 3.~ Continued.
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Fully contoured afterbody plus dry power nozzle
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(g) Fully contoured afterbody + staggered tails (forward vertical tail).

Figure 3.~ Concluded.
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Figure 4.- Sketch of basic axisymmetric afterbody showing important dimensions, empennage locations,
and orifice locations. All dimensions are in centimeters.
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(a) Vertical tail.

Figure 5.- Sketches of empennage surfaces showing important dimensions.
All dimensions are in centimeters.
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Horizontal tail geometry
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Figure 5.- Concluded.
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Figure 6.- Sketches of nozzle configurations showing important dimensions and orifice locations.
All dimensions are in centimeters.
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(a) Partially contoured.

Figure 7.- Sketches of locally contoured afterbodies showing geometry details and orifice locations.
All dimensions are in centimeters.
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(a) Partial bumps, basic afterbody, and staggered empennage arrangement.

Figure 8.- Sketches of contour bumps showing important dimensions.
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M= 0.85

Pt,j/Peo

(a) Basic afterbody + dry power nozzle.

Figure 9.- Variation of total (afterbody + nozzle + tails) drag coefficient,
integrated nozzle pressure drag ccefficient, and computed tail drag coef-
ficient with jet total pressure ratio at Mach numbers from 0.50 to 2.20.
Flagged symbols indicate decreasing jet total pressure ratio. Tailed
symbols indicate drag values from pressure nozzle.
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(a) Concluded.

Figure 9.- Continued.
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(b) Basic afterbody + max. A/B power nozzle.

Figure 9.- Continued.
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Figure 9.- Continued.
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(b) Concluded.

Figure 9.- Continued.
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(¢) Equivalent body (basic afterbody + aft vertical tail
+ aft horizontal tail + dry power nozzle).

Figure 9.- Continued.
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(c) Concluded.

Figure 9.- Continued.
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(d) Equivalent body (basic afterbody + forward vertical tail
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+ aft horizontal tail + dry power nozzle).

Figure 9.- Continued.
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(d) Concluded.

Figure 9.- Continued.
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(e) Fully contoured afterbody + dry power nozzle.

Figure 9.- Continued.
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(e) Concluded.

Figure 9.~ Continued.
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Figure 9.- Continued.
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Figure 17.- Effect of contour bumps on longitudinal afterbody/nozzle static-
pressure distributions; basic afterbody with dry power nozzle, forward
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Figure 18.- Effect of contour bumps on longitudinal afterbody/nozzle static-
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Figure 19.- Effect of afterbody contouring on afterbody/nczzle longitudinal
static-pressure distributions; afterbodies with dry power nozzle, forward
vertical tail, and aft horizontal tail; ¢ = 315°.
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Figure 20.- Effect of afterbody contouring on afterbody/nozzle longitudinal
static-pressure distributions; afterbodies with max. A/B power nozzle,
forward vertical tail, and aft horizontal tail; ¢ = 315°,
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Figure 21.- Typical jet total pressure ratios for a turbofan engine.
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(a) Total and nozzle drag coefficients.
Figure 22.- Effect of empennage arrangement (tail location) on variation of

aft-end drag coefficient components with Mach number for scheduled jet
total pressure ratios; basic afterbody with dry power nozzle.
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(b) Afterbody and tail drag coefficients.

Figure 22.- Continued.
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(c) Tail interference-drag coefficient increments on total aft end,
nozzle, and afterbody.

Figure 22.- Concluded.
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(a) Total and nozzle drag coefficients.
Figure 23.- Effect of empennage arrangement (tail location) on variation of aft-
end drag coefficient components with Mach number for scheduled jet total
pressure ratios; basic afterbody with max. A/B power nozzle.
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(b) Afterbody and tail drag coefficients.

Figure 23.- Continued.
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(c) Tail interference-drag coefficient increments on total aft end,
nozzle, and afterbody.

Figure 23.- Conecluded.
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(a) Total and nozzle drag coefficients.
Figure 24.- Effect of method for staggering empennage surfaces on variation of

aft-end drag coefficient components with Mach number for scheduled jet
total pressure ratios; basic afterbody with dry power nozzle.
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(b) Afterbody and tail drag coefficients.

Figure 24.- Continued.
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(c) Tail interference-drag coefficient increments on total aft end,
nozzle, and afterbody.

Figure 24.- Concluded.
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(a) Total and nozzle drag coefficients.

L1

1.2

Figure 25.- Effect of horizontal tail height (center-line position or 3.81 cm
below) on variation of aft-end drag coefficient components with Mach number

for scheduled jet total pressure ratios; basic afterbody with dry power noz-
zle, forward vertical tail, and forward horizontal tail.
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(b) Afterbody and tail drag coefficients.

Figure 25.- Continued.
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(c) Tail interference-drag coefficient increments on total aft end,

nozzle, and afterbody.

Figure 25.- Concluded.
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(a) Total and nozzle drag coefficients.

Figure 26.- Effect of contour bumps on variation of aft-end drag coefficient
components with Mach number for scheduled jet total pressure ratios; basic

afterbody with dry power nozzle, forward vertical tail, and aft horizontal
tail.
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(b) Afterbody and tail drag coefficients.

Figure 26.- Concluded.
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(a) Total and nozzle drag coefficients.

Figure 27.- Effect of contour bumps on variation of aft-end drag coefficient
components with Mach number for scheduled jet total pressure ratios; basic

afterbody with max. A/B power nozzle, forward vertical tail, and aft hori-
zontal tail.
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(b) Afterbody and tail drag coefficients.

Figure 27.- Concluded.
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(a) Total and nozzle drag coefficients.

Figure 28.- Effect of contour bumps on variation of aft-end drag coefficient
components with Mach number for scheduled jet total pressure ratios; basic
afterbody with dry power nozzle, aft vertical tail, and aft horizontal
tail.
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(b) Afterbody and tail drag coefficients.

Figure 28.- Concluded.
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(a) Total and nozzle drag coefficients.
Figure 29.- Effect of afterbody contouring on variation of aft-end drag coeffi-

cient components with Mach number for scheduled jet total pressure ratios;
dry power nozzle, forward vertical tail, and aft horizontal tail installed.
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(b) Afterbody and tail drag coefficients.

Figure 29.- Continued.
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(c) Tail interference-drag coefficient increments on total aft end,
nozzle, and afterbody.

Figure 29.- Concluded.
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(a) Total and nozzle drag coefficients.

Figure 30.- Effect of afterbody contouring on variation of aft-end drag
coefficient components with Mach number for scheduled jet total pres-
sure ratios; max. A/B power nozzle, forward vertical tail, and aft
horizontal tail.
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(b) Afterbody and tail drag coefficients.

Figure 30.- Concluded.
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(a) Total and nozzle drag coefficients,

Figure 31.- Effect of combined afterbody contouring and contour bumps on varia-
tion of aft-end drag coefficient components with Mach number for scheduled
jet total pressure ratios; dry power nozzle, forward vertical tail, and aft

horizontal tail.
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(b) Afterbody and tail drag coefficients.

Figure 31.- Concluded.
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(a) Aft vertical tail, aft horizontal tail.

s of obtaining total aft-end

Basic afterbody with dry power nozzle.

Figure 32.- Comparison of two indirect method
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(b) Forward vertical tail, aft horizontal tail.

Figure 32.- Concluded.
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(a) M = 0.50.

Figure 33.- Ink flow photographs showing effect of tail loecation on external
afterbody/nozzle flow at several Mach numbers. Jet off.
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Figure 33.- Continued.
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Figure 33.- Continued.
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(d) M = 0.95.

Figure 33.- Concluded.
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Figure 34.- Ink flow photographs showing effect of jet exhaust flow on external afterbody/nozzle
flow at several Mach numbers. Basic afterbody with dry power nozzle, aft vertical tail, and aft
horizontal tail.
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(a) M = 0.80.

Figure 35.- Effect of jet total pressure ratio on nozzle static-pressure

distribution. Basic afterbody with dry power nozzle, aft vertical
tail, and aft horizontal tail,
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(b) M = 0.85.

Figure 35.- Continued.

172




1.00

.28

96

94

92

x/1
M = 0.95.

(e)

Figure 35.- Concluded.
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Figure 36.- Comparison of measured and computed total aft-end drag

coefficients.

Basic afterbody.



~— Neumann inviscid flow theory (ref. 19)
— — = |nviscid streamtube curvature method (ref. 20)
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Figure 37.~ Comparison of theoretical and experimental static-pressure dis-
tributions on basic afterbody with dry power nozzle. Tails off.
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Figure 37.- Concluded.
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Figure 38.- Comparison of theoretical and experimental static-pressure

distributions on basic afterbody with maximum afterburning power
nozzle. Tails off.
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Figure 39.- Comparison of theoretical and experimental static-pressure

distributions on aft-tail equivalent body with dry power nozzle.
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Figure 39.- Concluded.

™
.76 .80 .84 .88 .92 1.00
179



— Neumann inviscid flow theory (ref. 19)
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Figure 40.- Comparison of thecretical and experimental static-pressure dis-
tributions on staggered-tail equivalent body with dry power nozzle.
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Figure 40.- Concluded.
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